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ABSTRACT
Possible orbital histories of the Sgr dwarf galaxy are explored. A special-purpose N -
body code is used to construct the first models of the Milky Way – Sgr Dwarf system in
which both the Milky Way and the Sgr Dwarf are represented by full N -body systems
and followed for a Hubble time. These models are used to calibrate a semi-analytic
model of the Dwarf’s orbit that enable us to explore a wider parameter space than is
accessible to the N -body models. We conclude that the extant data on the Dwarf are
compatible with a wide range of orbital histories. At one extreme the Dwarf initially
possesses ∼ 1011 M and starts from a Galactocentric distance RD(0) ∼
> 200 kpc. At
the other extreme the Dwarf starts with ∼ 109 M and RD(0) ∼ 60 kpc, similar to its
present apocentric distance. In all cases the Dwarf is initially dark-matter dominated
and the current velocity dispersion of the Dwarf’s dark matter is tightly constrained
to be (21±2) km s−1. This number is probably compatible with the smaller measured
dispersion of the Dwarf’s stars because of (a) the dynamical difference between dark
and luminous matter, and (b) velocity anisotropy.
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INTRODUCTION
The Milky Way’s nearest neighbour, the Sagittarius dwarf
galaxy, lies only 16 kpc from the Galactic centre, but was
until 1993 hidden from us by the inner Milky Way. Since the
discovery of this object by Ibata et al. (1994), several studies
have explored its extent on the sky, its mean radial velocity,
its proper motion perpendicular to the Galactic plane, and
its internal velocity dispersion (Ibata et al. 1997). The data
currently in hand constrain the present orbit of the Dwarf
quite tightly. Ibata & Lewis (1998) find that acceptable
orbits have periods ∼< 1 Gyr and are moderately eccentric,
with apocentres near 60 kpc and pericentres near 20 kpc.
Moving on its orbit the Dwarf is subject to significant
tidal distortion by the Milky Way. Indeed, the observed
elongation of the Dwarf perpendicular to the Galactic plane
is thought to be the result of tidal shear. In this context it is
important to understand how the Dwarf has avoided being
torn apart by Galactic tides. Vela´squez & White (1995),
Johnson et al. (1995) and Ibata & Lewis (1998) have studied
this problem and concluded that there is at most a tight
corner of parameter space in which the Dwarf could have
survived to the present time. Specifically, if light is assumed
to trace mass, survival is impossible: to ensure survival it
is essential to pack as much mass as possible within the
observed outer radius, rt, of the Dwarf.
The observed internal velocity dispersion places an up-
per limit on the Dwarf’s central mass density, so to maxi-
mize the Dwarf’s mass one has to pack the material around
Dwarf’s edge. Hence the extra mass must be dark and
within the Dwarf’s outer limit its density must decrease
outwards as slowly as possible. Since material beyond the
tidal radius is not bound to the Dwarf, the density of dark
matter should plummet near rt. Ibata & Lewis found a
density distribution that was consistent with these require-
ments and has a non-negative distribution function f(E):
ρ(r) ∝ (e−(r/1 kpc)2 − e−1). They present N -body simula-
tions of this dark-matter distribution moving on the Dwarf’s
orbit, and show that it is torn apart by the Galaxy on an
acceptably long timescale.
The model of Ibata & Lewis is attractive because we
know that dark matter contributes significantly to the po-
tentials of dwarf galaxies. It is, however, finely tuned in that
both the density and the radial extent of the dark-matter
distribution can be neither larger nor smaller than the cho-
sen values. This fine tuning would not detract from the plau-
sibility of the model if it arose naturally as the Dwarf’s orbit
and the density profile were fashioned by Galactic tides and
dynamical friction against the Galactic halo. In this paper
we present simulations designed to investigate this question.
Specifically, we aim to find initial configurations in
which the Dwarf’s halo encompasses a conventional flat-
rotation-curve section in addition to a homogeneous core.
We wish to simulate the stripping of this halo to leave
the sharp-edged homogeneous rump envisaged by Ibata &
Lewis. Full N -body simulations of this process are extremely
costly because the Galaxy’s dark halo has to be simulated
out to a Galactocentric radius r ∼> 250 kpc, within which
its mass is ∼ 2 × 1012 M, while simultaneously following
the internal dynamics of the Dwarf, which now contains
∼< 108 M of visible material and probably a comparable
amount of dark matter. Resolution of the visible Dwarf
into ∼> 100 particles, implies that individual particles have
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masses ∼ 106 M, so ∼> 2 × 106 such particles are required
to represent the Galactic halo. This large number of par-
ticles has to be followed for a Hubble time, or ∼ 400 cur-
rent half-light crossing times of the Dwarf. In principle one
may represent the Galactic halo by fewer particles of higher
mass, but this strategy is unsafe because in such a simula-
tion two-particle relaxation proceeds rapidly and artificially
accelerates the disruption of the Dwarf, which is a process
of prime interest.
Previous simulations of the Dwarf’s orbit have relied
on a number of more-or-less unsatisfactory work-arounds,
such as treating the Galactic potential as fixed, and possi-
bly augmented by dynamical friction (Vela´squez & White
1995, Johnston et al. 1995, Ibata & Lewis 1998), studying
only orbits that never reach far out into the Galactic halo
and using more massive particles for the halo than for the
Dwarf (Go´mez-Flechoso, Fux & Martinet, 1999). Our strat-
egy has been two-fold. First we have tailored a potential
solver to the problem: this uses two multipole expansions,
one centred on the Galactic centre and one centred on the
Dwarf. Second we have used a small number of large N -body
simulations to calibrate semi-analytic calculations that in-
clude dynamical friction and tidal stripping, and have used
the semi-analytic calculations to explore more thoroughly
the parameter space associated with the initial Dwarf and
its orbit.
The paper is organized as follows. Section 2 summarizes
the mass profiles assumed for the Milky Way and the Dwarf.
Section 3 describes the N -body code that was tailored to
the problem, together with tests of the code and three full
N -body models of the Galaxy–Dwarf system. Section 4 de-
scribes a semi-analytic model calibrated by reference to the
N -body models. Section 5 sums up and discusses the ob-
servable consequences of extensive mass loss by the Dwarf.
INITIAL CONDITIONS
To be possessed of an extensive halo, the Dwarf must ini-
tially be at a much larger Galactocentric radius than at
present. Hence the orbit must initially have had a large
apocentre, and therefore have been a long-period orbit.
Since we know that the Dwarf is now on a short-period
orbit, it must have lost significant orbital energy. Zhao
(1998) suggested that a close encounter with the Magel-
lanic Clouds could have led to this loss of orbital energy.
This possibility seems unlikely, however, because the gravi-
tational field of the Clouds is probably too weak to deflect
the Dwarf through a significant angle, given the relative ve-
locity (∼ 300 km s−1) at which the Dwarf would have en-
countered the Clouds – see the simulations of Ibata & Lewis
for support of this view. Given our belief that the Dwarf will
initially have possessed an extensive dark halo, the natural
mechanism for loss of orbital energy is dynamical friction.
If the dark-halo model of Ibata & Lewis is correct, the
current mass of the Dwarf is ∼ 109 M. Dynamical friction
against the Galactic halo has only a modest effect on a body
of this mass. For example, by equation (7-27) of Binney
& Tremaine (1987; hereafter BT), its decay time from a
circular orbit of initial radius 30 kpc is (50/ ln Λ) Gyr with
ln Λ ∼ 8 (see below), and increases as the square of the initial
radius. Hence, if the mass of the Dwarf were initially as
small as it now probably is, its orbit would not have evolved
very much, and it could never have possessed a generic dark
halo.
If, by contrast, the Dwarf started out much more mas-
sive, its orbit could have evolved from the large galactocen-
tric radius. At such a large radius it could have possessed the
extensive halo that alone would make it massive. Hence, it
is a priori plausible that there are a number of self-consistent
solutions for the Dwarf’s past: at one extreme it was from
the outset severely tidally truncated and has moved at all
times on the same short-period orbit; at the other extreme,
it was initially possessed of a massive power-law halo that
caused it to sink rapidly inwards under the influence of dy-
namical friction, and be progressively stripped of its halo.
Ibata & Lewis have presented an orbit of the first kind. We
seek orbits of the second kind.
Initial density profiles and velocities
The Galactic disk is assumed to be rigid. The surface density
of the disk is taken to be exponential inside Rt = 19.75 kpc
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1 x ≤ 0
cos2 x 0 < x ≤ pi/2
0 otherwise.
(1b)
We set the disk’s scale-length to Rd = 3.4 kpc, which yields
a halo-dominated rotation curve (Dehnen & Binney 1997).
The parameter Σ0 is set such that the disk’s total mass is
1011 M.
Flat rotation curves imply that dark halos have approx-
imately isothermal density profiles. Therefore we assume
that the initial density profiles of both the Dwarf and the








for r ≤ r∞
0 otherwise.
(2)
Table 1 gives values for the Galaxy of the parameters vc,
rc, r0 and r∞. These values are chosen to ensure that the
rotation curve is compatible with observations (Dehnen &
Binney, 1997) and that the mass of the Local Group is as
large as the timing argument implies (e.g., Schmoldt & Saha,
1998). Fig. 1 shows the overall circular-speed curve and its
contributions from disk and halo.
The Dwarf’s core radius is taken to be rc = 1 kpc. The
other parameters of the dwarf vary from simulation to sim-
ulation and are given in Table 2.
N-BODY CODE
Our N -body code is based on the Poisson solver described
by Bontekoe (1988). Specifically, the particle positions are
used to evaluate the density on a spherical grid. Then the
density within each spherical shell is expanded in spherical
harmonics, with harmonics up to l = 8 included. This done,
the potential at any point can be obtained from BT eq. (2-
122). Our code differs from that of Bontekoe in the following
